The Xinjiang Region in Northwest China is known as the "dust center" of the Eurasian mainland. Dust on the leaf surface affects overall plant development. While emphasis was on studying the impacts of industrial dust particles on crop development, the effect of natural dust deposition on the physiological parameters of cotton had not been studied before. The objective of this study was to examine the effects of dust deposits on cotton leaves and to estimate their impact on crop development and yield. For this purpose, an experiment was set up having two treatments and a control. In Treatment 1, cotton leaves were cleaned with water at three-day intervals or after a natural dust fall. In Treatment 2, 100 g·m −2 of dust was applied at 10-day intervals. The control received neither additional dust nor cleaning. In all of the treatments, stomatal conductance, leaf temperature, biomass and yield were measured. The results show a 28% reduction in yield and 30% reduction in
leaves), only on the upper (adaxial) surface (hyperstomatous leaves) or on both the abaxial and adaxial surfaces (amphistomatous leaves).
In addition, dusted canopies have a high absorption of solar radiation, raising the leaf temperature [17] . Other impacts, such as sandblasting, result in the loss of plant leaves, which reduces photosynthetic activities and the development of grain or fruit. In the long term, dust can also affect plants via changes in soil chemistry or it may also worsen other stresses, such as drought stress or pathogen stress [18] .
In the past, emphasis was on studying the impacts of industrial dust particles on crop development and crop physiological parameters [19, 20] . The chemical composition of dust, its particulate size, age of plants and deposition rate were studied intensively [19, 21] . For example, cement kiln dust reduced 73% of the photosynthesis in green beans [22] , while ash reduced up to 90% of the rate of photosynthesis of apple trees [23] . Nanos and Ilias [24] described the effects of cement dust, such as a reduced stomatal conductance and transpiration rate of olive trees. Similarly, Shukla et al. [25] reported that the highly alkaline nature of the cement dust resulted in the reduced chlorophyll content of dusted plants. This leads to reduced photosynthesis, due to reduced leaf area, clogging of stomata and interception in the incident light due to cement encrustations on the leaf surface. Thomson et al. [26] studied the effects of roadside dust on photosynthesis and leaf diffusion resistance over a range of light intensities. They concluded that photosynthesis was reduced tremendously when leaves were dusted with 5 to 10 g of dust per m² of leaf surface.
Increased concentration of industrial dust particles from cement, coal or thermal power plants has drawn much attention due to their serious impacts on human and plant health. Similarly, much focus was given to study the trend of DSS in the Xinjiang region. However, the effect of dust deposition on the physiological parameters of cotton, the main crop in Northwest China, has not been studied yet. Thus, the objective of this study was to examine the effects of dust deposits on cotton leaves and to estimate the impact on canopy temperature, stomatal conductance and yield.
Materials and Methods

Experimental Site
The experiment was conducted at the Kuerle experimental station of Xinjiang Agriculture University, located at Xinier Township, Kuerle City, Xinjiang (41°35' N, 86°09' E). Located in the warm temperate climatic zone, the area is arid, with an average annual rainfall of 60 mm and an average annual potential evaporation of 2450 mm (ø 120 cm evaporation pan). The soil at the experimental station is classified as sandy loam soil. The field capacity (FC) and permanent wilting point (PWP) are 0.25 m , respectively. The detailed soil analysis at different depths is shown in Table 1 . A meteorological station positioned at the site provides hourly measurements of solar radiation, rainfall, air temperature, relative humidity and wind speed during the growing season. The monthly average values measured throughout the growing season are shown in Table 2 . 
Experiment Design
Cotton (Gossypium hirsutum L., Xinluzhong-21) was sown on 4 May 2012, which was covered with 0.08-mm transparent polythene film as a mulch. Plastic mulch covered four cotton rows (N-S direction) having a width of 140 cm. The inter-row spacing was 20-40-20 cm, leaving a bare soil width of 60 cm (Figure 1) . Hence, the ground surface was approximately 80% covered by the plastic mulch. Two drip lines were placed underneath each of two cotton rows with a dripper distance of 29 cm and a discharge rate of 1.6 L·h −1
. Plastic mulch and drip lines were placed with a specially equipped sowing machine. In total, 24 irrigation events took place starting from mid-June until the end of August. The experiment consisted of two treatments and a control. In Treatment 1, cotton leaves were cleaned with water at 3-day intervals or after a natural dust fall. In Treatment 2, 100 g·m
of dust was applied at 10-day intervals. For this, dust was collected by placing paper sheets in the cotton field, which was later sieved to get a uniform particle size. The control received neither additional dust nor cleaning, but was exposed to the natural conditions. Treatments and control were repeated 3 times with a random arrangement of plots each of an area of 5 m × 5 m (Figure 2 ). Only the plots in Treatment 2 were surrounded by a 1.5 m-high polythene fence, called a "dusting chamber". The dusting chamber kept the dust confined within the specified area, was placed at each dust application time and removed afterwards. All plant samples were taken from the center area of 3 m × 3 m. Leaf dusting began at the budding stage in the morning hours of every tenth day and was continued till the end of the experiment. The treated plants were visibly dusty compared to the control and cleaned plants and retained dust on the leaves between the application ( Figure 3 ). 
Measurement of Canopy Temperature and Stomatal Conductance
A high resolution (384 × 288 pixel) thermal camera (VarioCAM, Infra Tech GmbH, Dresden, Germany) was used to measure canopy temperature (Tc). All images were acquired between 12:00 and 14:00. Thermal images were analyzed using the IRBIS-PROFESSIONAL-3 software (Infra Tech GmbH, Dresden, Germany), which allowed corrections for object emissivity, object distance and temperature. Infrared pictures were pre-processed manually to exclude any extraneous surfaces in the analysis of leaf temperature, such as the marking sticks, plastic mulch and soil. The temperature difference between the soil and the upper leaves was in the range of 15 to 25 °C. Since the soil (53 °C) and plastic mulch (52 °C) had a much higher temperature (red and blue color) than the leaves (30 °C) (purple color), it was easy to differentiate during the image analysis, as shown in Figure 4 . The selected area of interest was outlined by vertical dotted lines, and statistical parameters, like maximum, minimum, average temperatures and standard deviation, were calculated by the image processing software. Stomatal conductance (gs) was measured at the same time when infrared images were taken using a portable porometer (SC-1; Decagon devices, Washington, DC, USA). Measurements were taken on the abaxial side on three randomly-selected, fully-developed, sunlit leaves per plot. Before each measurement, the instrument was calibrated according to the manufacturer's instructions.
Soil Moisture Content, Plant Dry Matter and Yield
Volumetric soil water content was measured with TDR-TRIME tube access probes (IMKO GmbH, Ettlingen, Germany). One access tube per plot was installed, and the measurement was made down to a depth of 0.7 m in 0.1-m intervals. Measurements were taken at 3-day intervals, before and after irrigation and whenever there was a rainfall event. The irrigation amount supplied to the field was based on the soil water content: whenever the water content dropped below 65% FC, it was irrigated up to 100% FC. Total available water content (TAW) was estimated to be 110 mm, assuming the maximum rooting depth of cotton to be 1 m [27] . The readily-available water content (RAW) was calculated as 55 mm based on a depletion factor of 0.5. Fresh biomass above the ground was taken by cutting three randomly-selected plants per plot, which were than dried at 70 °C for 48 h to get the dry biomass.
At physiological maturity, all bolls were harvested manually, and the plant density (Dp), capsule with cotton (Cc), without cotton (Cwc) and capsules smaller than 2 cm (Nsc) were determined for each treatment. The weight per capsule (mc) was determined before and after oven drying at 70 °C for 24 h. The average capsule number per cotton plant (Nc) and cotton seed yield (Ycs) in t·ha
was calculated for each plot using the method described by the Ministry of Agriculture of China [28] . Ycs = Dp × Nc × mc × 85%
(1)
Data Analyses and Statistics
An analysis of variance (ANOVA) was performed in order to evaluate the influence of the different treatments on canopy temperature, stomatal conductance and yield. Linear correlations were calculated for the relationship between canopy temperature and yield. The significance of the correlation was determined using a Pearson coefficient analysis.
Results
Irrigation and Soil Moisture Content
Potential evapotranspiration (ET0) from the date of sowing till the harvesting time amounted to 693 mm and the total irrigation amount was 631 mm. This does not included pre-plant leaching for salinity management. The crop received a total of 40 mm of rainfall throughout the growing season ( Figure 5 ).
Canopy Temperature and Stomatal Conductance
The maximum temperature difference between the plants treated with dust and cleaned with water was 4.1 °C, whereas the temperature difference between plants applied with dust and control plants was 2.9 °C. The canopy temperature (Figure 6 ) difference between the treatments showed that dust treatment generally or on average had a higher canopy temperature when compared with the clean and control treatment. Figure 7 shows the difference in temperature between canopy (Tc) and ambient air (Ta), with the dust treatment showing higher values than the non-dusted treatments. Differences in canopy temperature between control, cleaned and dust applied were found to be significant (p < 0.001) for all of the measured days. In order to find out the influence of the quantity of dust on the canopy temperature, the accumulated amount of dust was divided into the total number of days when dust was applied. The increasing trend of the canopy temperature with the dust quantity in the beginning and later had no change in the canopy temperature with the amount of dust observed, as shown in Figure 8 . The stomatal conductance (gs) of dusted plants was lower than that of control plants at all growing stages. The differences of gs among the treatments are shown in Figure 9 . The gs of the clean leaves was compared to the dust-applied and control canopies, and the differences were higher between the dust-applied and control treatment. ANOVA analysis showed highly significant differences (p < 0.001) in stomatal conductance between the treatments. The stomatal conductance in all of the treatments decreased at the end of the experiment. The correlation between gs and the canopy temperature of all of the treatments showed a good correlation (Figure 10 ). It was observed that the canopy temperature of the dust treatment increased as gs decreased. 
Biomass and Yield
Dry matter development throughout the measurement period is shown in Figure 11A . The dust treatment showed the lowest dry matter development when compared with the control and clean treatments. Significant differences (p < 0.05) of biomass between the control and clean treatments were visible after DOY 225. Box plots in Figure 11B show the yield data of all of the treatments. About a 28% yield reduction was observed when plants were exposed to additional dust compared with the control. By cleaning the leaves with water at a regular interval, there was a yield increase of 10%. 
Discussion
The highest cotton yield of 8 t·ha
was achieved in the plots where leaves were cleaned with water, which indicates the most favorable growing conditions. The mean reduction in yield of the dusted treatment was about 28%, indicating that the stress conditions in this experiment were relatively severe. Therefore, the reduction in yield can be taken as an integrated plant response to dust deposition on the cotton leaves. Previous studies reported similar results for black gram when leaves were dusted with cement dust, and a 50% reduction in the number of flowers was observed [29] . From the physiological measurements of control and dusted plants, it is quite apparent that a dusted environment had an unfavorable effect on the flowering and fruiting potential of plants, thus indicating a considerable reduction in the productivity of cotton [29] . It is important to state that by cleaning of the leaves, yield was increased by a substantial extent. While this is, of course, not a practical measure to be taken in field production, it shows the considerable damage that dust deposition causes to agricultural production. However, this data can contribute to analyzing the impact of dust deposition on agricultural production. In addition, environmental services in terms of DSS reduction can be evaluated.
Dust particles deposited on cotton leaves resulted in the reduction of the total dry matter weight ( Figure 11 ). This is due to the reduction in the stomatal conductance, which might be due to the reduction in the photosynthesis rate, as it was not measured. This resulted in the decreased plant biomass, even just five to six days after dust was applied. In contrast to our results, [30] reported the decrease in dry plant weight after one to three days of the dust application, but this is due to the increased frequency of the dust application. Chaurasi et al. [31] reported a decrease in the aboveground biomass of a groundnut crop planted in the vicinity of the cement factory, and it increased as the distance between the two increased.
Since the stomatal conductance in cotton leaf is higher on the abaxial (lower) than on the adaxial (upper) surface [32, 33] , only the abaxial surface was used to determine the whole leaf stomatal conductance. Furthermore, due to the large number of measurement points and a small measurement window, i.e., 12:00-14:00 h, only one side of the leaf was used to measure conductance. This is unlike beans and cucumber, where the difference between the adaxial and abaxial stomatal conductance is large, and therefore, the sum of the values on both the surfaces is used to determine the whole leaf conductance [32] . Further, since the dust load on the adaxial surface is larger than that on the abaxial surface, it can be inferred that the adaxial surface influences the stomatal conductance more significantly than the latter. The transpiration rate of the dusted treatment was lower than that of the control treatment at all stages of growth. A 30% reduction in the stomatal conductance (Figure 9 ) of the dust-treated plants compared to the control treatment shows the blocking of the stomata on the top leaf surface due to the shading effect caused by the dust layer, which decreased the overall net photosynthesis rate soon after the dust was applied. Similar results were reported by Singh and Rao [20] , where the transpiration rate was decreased by 22% as a result of cement dust on wheat plants. They concluded that cement crust reduces the light reaching the leaf surface and, thereby, decreases the thermal balance of the leaf. Hirano et al. [34] showed that this effect became greater as the dust particle size decreased.
The canopy temperature of the dust-applied leaves was always higher than the control and the water-cleaned treatments. An increase of 2 to 4 °C was observed between all treatments; however, the dust-applied treatment had the highest value of 4.1 °C when compared with the water-cleaned treatment. A lowered gs of the dusted treatment resulted in the higher leaf temperature [35] . A similar result was reported by Hirano et al. [34] , where the temperature of the dusted leaves was higher than that of the control leaves, and the differences were 3.7, 3.1 and 1.7 °C at an air temperature of 15 °C, 25°C and 40 °C respectively. It was reported that road dust could raise the leaf temperatures by 2 to 4 °C [36] . Figure 8 depicts the effect of dust on leaf temperature, which clearly shows an increasing trend of the difference in Tc and Ta as the amount of dust applied increases, but later, no change in Tc-Ta was observed. This is in contrast to the results of Wijayratne et al. [17] , who showed an increase in canopy temperature with the quantity of dust. The effect of the chemically inert dust on plant physiology is apparently similar to drought stress, which leads to stomatal closure and higher leaf temperature [37] . It is thus important to point out that a possible increase in the plant leaf temperature due to water stress can be excluded in this study, due to the fact that the soil moisture content was always about 70% of the field capacity. Sharifi et al. [38] reported that dust of 10 g·m
reduced Photosynthetically active radiation (PAR) absorption by 20% in desert shrubs. They found an inverse relationship between the weights of dust per unit leaf surface to absorptance of PAR. Therefore, apart from the closure of the stomatal conductance, another reason for the increase of canopy temperature of the dusted treatment is due to the increased absorbance of the near-infrared solar irradiance. For example, Eller [36] reported an experimental study in Switzerland and showed a doubling of absorptance in the near-infrared (700-1350 nm) for dusty leaves compared with control leaves, which resulted in a 2-4 °C increase in leaf temperature.
Conclusions
It was found that the dust accumulation on leaf surfaces induces water stress-like conditions, such as a reduction of stomata conductance, photosynthesis and transpiration and increased leaf temperature. More importantly, the results of this study show that both the growth of cotton plants and the yield are adversely affected by dust deposits by DSS over a short interval of time during the flowering period. There is no regular natural removal of dust particles on the plant leaves by strong winds and rain in arid climates, like in the study area, as rainfall is scarce and wind brings more dust rather than alleviating the situation. Future research should focus on measures to reduce the dust deposition on the plants, such as wind breaks and the avoidance of wind erosion, and their potential to increase the cotton yield in Northwest China. 
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